Patients with hemispatial neglect show de¢cits in size perception. We investigated how this e¡ect would be modulated by a change in object orientation. Seven right-hemisphere-lesioned patients, with and without neglect, and a control group, were asked to indicate which one of two bilaterally presented lines was longer, shorter or the same. Depending on the participant's response, the length was increased or decreased in a staircase-like procedure. Line orientation was varied over separate blocks. All neglect patients judged a line on the left as shorter, predominantly for horizontal lines and lines rotated by 301. Moreover, the magnitude of the distortion e¡ect varied considerably between patients from as little as 2% objective underestimation to as much as 20%. NeuroReport 18:457^460
Introduction
Hemispatial neglect is a behavioural syndrome in which patients fail to respond appropriately towards stimuli located in the contralesional, usually left, space. Patients may ignore stimuli or reduce their eye and hand movements to objects or events occurring within this space. A common finding is that patients bisect horizontal lines towards the right, whereas participants without brain injuries instead exhibit a small tendency to bisect lines towards the left [1, 2] . In the last decade, several authors have also proposed a distortion of visual space in such patients [3, 4] . It has been shown that neglect patients perceive two horizontally arranged objects as different in size in that the left object appears shorter than the right one [3, 5, 6] . In a similar vein, other investigators have found that such patients place the endpoints of an imagined or partially presented line incorrectly, misplacing the endpoints so that a physically longer segment lies on the contralesional side of the midpoint and a shorter segment on the ipsilesional side [7] [8] [9] .
Bisiach and colleagues [8] argue that this misperception may be a consequence of a progressive contralateral relaxation of the medium for space representation. According to this hypothesis, the representational medium is pathologically anisometric along the horizontal dimension, that is progressively 'relaxed' towards the contralesional space and progressively 'compressed' towards the ipsilesional one, in a non-Euclidean manner. Milner et al. [5] , Milner [10] and Irving-Bell et al. [6] have argued for a similar computational failure as the underlying cause of this size distortion, and further support for this argument comes from a study by Harvey et al. [11] , who found that neglect patients underestimated the length of even a single line presented in left space.
What has been lacking from the investigations into this phenomenon so far is a direct assessment of just precisely how large the distortions are that these patients experience and how large the interindividual differences may be. Moreover, the space anisometry hypothesis predicts distortions along the horizontal but not the vertical dimension. This has in fact been shown repeatedly [4, 6, 12] . What has not been addressed so far is how the subjectively experienced anisometry changes with a systematic change in orientation from horizontal to vertical.
The current study was designed to assess these questions. Right-hemisphere-lesioned patients with and without hemispatial neglect, and healthy controls, were asked to judge two simultaneously presented lines in right and left space whose orientation would vary systematically over different blocks. Within each orientation condition, in a staircase-like procedure, the length of either the right or the left line was either increased or decreased, depending on the participant's response. This method allowed us to calculate precisely, for each patient, by how much one object had to differ to be perceived as of identical size, or larger or smaller than the other, and exactly how this would change with a change in orientation.
Methods

Patients
Seven right-hemisphere-lesioned patients (four men, three women) with a mean age of 68 years (SD¼7.9), and 12 healthy controls (six men, six women), with a mean age of 70 years (SD¼4.2) were tested. All participants were right handed.
To identify patients with hemispatial neglect, the formal subtests of the Behavioural Inattention Test [13] , which include line/letter/star cancellation, line bisection, copying and representational drawing were given to all patients. Two of the right hemisphere lesioned patients attained nearperfect scores, performing well above the cutoff score of 129/146, whereas the remaining five scored well below it (see Table 1 for clinical details of each patient).
Task procedure
The display consisted of two solidly drawn lines that appeared white on a black background at varying orientations from 0 (horizontal), 30, 45, 60 to 901 (vertical). Each line had a maximum length of 250 pixels: the left line was placed at 100 pixels across and 200 pixels down, the right line at 650 pixels across and 200 pixels down. Initially, for all orientations, the left line had a length of 250 pixels and the right of 235 pixels. Depending on the participants' response, the length of the right line was either increased or decreased by 5 pixels in the next trial. Responses to the varying orientations were assessed in separate blocks. Participants responded verbally either to indicate which one of the two lines was longer (or shorter) of if they appeared of the same length. To control for a response bias, on half the blocks all participants were asked to judge which line appeared longer, and on the other half which appeared shorter, resulting in 60 trials per orientation with a total of 300 trials per participant. If a participant responded 'same' in 10 consecutive trials a block would end. This case did not occur for any of the participants, however. Instruction order was counterbalanced between participants, and order of orientation counterbalanced within as well as between participants as completely as possible.
The stimuli remained visible until response. Participants viewed the screen (800 Â 600 pixels) at a distance of 45 cm and the experimenter noted the response.
Results
The data were analysed separately for each participant and each orientation, averaged across the two types of instruction. For each trial, we calculated the difference in line length (in pixels) between the two stimuli when the response indicated that the lines were perceived as either longer on the left (shorter on the right), the same or longer on the right (shorter on the left). For each of these three responses, we then determined the mean difference in length (in pixels). A positive value indicates that the line presented on the left side of the monitor was physically longer and a negative value indicates that the line shown on the right side of the monitor was longer. The control data were averaged across the 12 participants, whereas the patient data were analysed individually (see Table 2 ) to allow the assessment of interindividual differences. Ninetynine per cent confidence intervals (CIs) were calculated from the control data. In Table 2a and b patients' values outside these confidence intervals are marked in bold. For the healthy control data, separate one-way analysis of variances with the factor orientation (0, 30, 45, 60 and 901) revealed no significant effects for any of the possible answers ('left line longer', 'right line longer', 'same'). Generally, participants responded very accurately, even minor pixel changes to either the right or the left line were identified correctly. This was not the case for the five neglect patients. For these patients, a line had to be considerably longer on the left to be judged accordingly and was in fact still judged as longer on the right when it was objectively longer on the left (see Table 2b for exact individual values). This effect was clearly modulated by orientation. All neglect patients consistently showed the effect (although to differing extents) at 0 and 301 of orientation, two still at 45 and 601, but no consistent distortion was seen for the vertical line (901). In fact, patients J.R. and J.M. went significantly in the opposite direction, that is, judging the left stimulus as longer when it was in fact objectively shorter than the right one. The patients without hemispatial neglect showed no consistent distortion effects.
Discussion
For lines presented horizontally and at 301, all neglect patients showed some evidence of size distortion. Moreover, the staircase procedure revealed considerable differences in the amount of distortion experienced by individual patients. L.C. showed the largest impairment (with an underestimation of the left line of about 20%) and M.W. the smallest (about 2%). For all neglect patients, the physical length differences decreased across the response categories in that the length difference between the two lines had to be larger to lead to a 'left longer' response than to a 'same' or a 'right longer' response. The clearest evidence for anisometry was found for horizontal lines and lines that deviated 301 from the horizontal orientation. This finding supports the hypothesis by Bisiach and colleagues [8] that a progressive contralateral relaxation of the medium for space representation may lead to misrepresentations. Inter-individual differences, however, are important here: patients J.C. and R.A. also consistently misjudged lines that were rotated up to 601. Vertical lines were not consistently misjudged. Such orientation sensitivity could be taken as evidence for Ferber and Karnath [14] and Doricchi and Angelelli's [15] arguments that hemianopia, either in combination with neglect or alone, results in anisometry. The data, however, did not show a link between distortion and hemianopia as only two of the five neglect patients with anisometry had a visual field cut. This finding is in line with previous data collected in our laboratory [11] , and with the studies by Kerkhoff et al. [16] and Kerkhoff [17] and a more recent study by Savazzi et al. [18] . Furthermore, we found evidence of distortion in all neglect patients in line with Kerkhoff [16] and Irving-Bell et al. [6] , although here we also report great interindividual variations regarding effect size. In addition, the effect size was greatly modulated by orientation.
Indeed, the finding that the size distortion effect was considerably modulated by orientation gives further support to the argument that horizontal and vertical biases are the product of relatively independent neural mechanisms: Nicholls et al. [19] found much smaller vertical than horizontal biases in their neglect patients and, similarly, McCourt and Olafson [20] reported that, in healthy participants, the effects of vertical and horizontal bias were neither separable nor additive, which, they argue, again suggests the existence of independent processing mechanisms.
Finally, our healthy participants did not show pseudoneglect [20] . Rather than overestimating the left line as longer than it was, which would be an indicator of pseudoneglect, they judged it as shorter: the left line had to be 6.3 pixels longer than the right one to be judged as 'longer' and 1.6 pixels longer to be judged as the 'same'. We think that this lack of pseudoneglect may be an age effect. Failla et al. [21] found pseudoneglect for young and middleaged groups but neglect-like behaviour for very young and old individuals, very much in line with the data presented here.
Conclusion
The findings of the current study demonstrate for the first time that length misperception in neglect patients is systematically mediated by orientation. It is consistently found only for lines presented at a shallow angle (0 and 301). Furthermore, the magnitude of the distortion effect varies considerably between patients from as little as 2% objective underestimation to as much as 20%, and is unrelated to hemianopia. These findings support the idea that perception of line length in the horizontal and vertical extent may be mediated by different processes.
